Internet of Things (IoT) provides a framework for interconnecting, controlling and monitoring of real-world objects and smart-devices through sensors. The sensors need energy sources to continuously operate. Since the design and the size constraints may impede a sensor node to have a distinct power source, the Energy Harvesting (EH) techniques emerge to cope with the energy constraint problem. Massive IoT networks with the Radio Frequency (RF) EH capability requires new accessing methods to reduce or mitigate interference and collisions. In this paper, we propose a group-based Medium Access Control (MAC) protocol, where a group head coordinates the corresponding nodes. The group heads working as Hybrid Access Points (HAPs) provide nodes with power and relay their data to the base station (BS). The HAPs use a distributed coordination function (DCF) to access the channel, along with in-group coordinating mechanism. In a group, nodes reduce collisions by using a frame slotted ALOHA to access the medium, with the addition of the EH mechanism. Nodes utilize the harvest-transmit-and-sleep protocol to harvest energy, to transmit information utilizing the harvested energy and to sleep when channel is inactive. We study channel models for different communication environments influencing the usability of RF energy harvesting and examine their impact on the network performance. We aim to mitigate inter-group and intra-group collisions and to provide an energy harvesting and data relaying mechanism in a distributed manner. Performance evaluations are carried out through extensive simulations and the model and analysis are verified. It is shown that the analysis results match well with those of simulations. The proposed distributed group-coordination mechanism achieves significant network performance gain over the conventional schemes. The effectiveness of the proposed scheme is shown by the network throughput, and the energy efficiency.
I. INTRODUCTION
Internet of Things (IoT) provides a framework for the interconnectivity of real-world objects [1] , which enables the monitoring and controlling of physical environments and smart objects by collecting, processing and transmitting the data generated by sensor nodes [2] , [3] . The IoT encompasses various applications in Machine-to-Machine (M2M), and Machine-to-Human (M2H) communications, Backscatter communication, Computational Radio Frequency Identification (CRFID), robotics and vehicle telematics [4] . In order to attain the continuous monitoring and controlling, uninterrupted supply of energy is The associate editor coordinating the review of this manuscript and approving it for publication was Xiaofei Wang . extremely vital for the sensors and controlling/computing devices.
However, the size and the design constraints of sensors and devices may restrict to equip nodes with distinct power sources. Thus, Energy Harvesting (EH) methods can play a prominent role to mitigate the energy issue in energy-constrained wireless networks by utilizing alternative forms of energy resources [5] - [7] . The Radio Frequency (RF) power signals transmitted by various devices in a wireless network can also be utilized to harvest energy [8] , [9] . RF signals can be used for both data transmission and energy harvesting. The harvested energy is conditioned either to use it directly, i.e., backscatter communications, or to accumulate and use it later when required. Even if the amount of the harvested energy is inadequate for powering VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ a device, it can still be utilized to prolong the lifetime of a battery. Various applications of Wireless Energy Harvesting (WEH) can be found, e.g., wearable devices, environmental applications and military control and monitoring devices, to name a few [10] - [14] . The advancement in the circuit design and the antenna technology towards low power RF circuits strives to assure the feasibility of wireless energy harvesting in practice [15] - [17] . Wireless power transmitters and wireless energy harvesters are designed for this purpose [18] , [19] . Commercially available power transmitters in 915MHz frequency band transmit power signal with the power of 1 ∼ 3W and energy harvesters receive power signal with the power of 0.1 ∼ 10 mW and up to 55% efficiency [18] . Applications of wireless power transfer technologies including wireless powered sensors networks, multi-copter assisted wireless battery-less network systems, wireless charging of electric vehicles, and ubiquitous power sources are extensively presented in [20] . Emerging technologies and demand for wireless energy harvesting encourage Wireless Powered Communication Networks (WPCNs), a rapidly growing research area to focus on [21] - [25] , to be deployed. The devices or nodes in a WPCN transmits information and harvests energy in the wireless channel.
Since wireless devices communicate data or exchange energy through RF signals, they can interfere with data communications or energy transfer while they access the channel. Thus, convenient and applicable Medium Access Control (MAC) protocols are of immense importance to enhance the performance of data and energy exchange with reduced interference. One of the simplest protocols, Harvest-then-Transmit (HT) protocol, is proposed for a single energy harvesting node [23] . The HT protocol divides the time interval into two phases. The first phase is used to harvest energy, which is then utilized in the second phase to transmit data. A protocol for multiple users in a WPCN is proposed in [22] , in which nodes harvest energy in the downlink and transmit data in the uplink using the harvested energy by Time Division Multiple Access (TDMA). In [26] , the authors enhanced Extended Distributed Coordination Function (EDCF) into an HT-based modified EDCF (HE-MAC) protocol. EDCF is an Access Category (AC)-based access protocol and provides differentiated Quality of Service (QoS) to each node, in the IEEE 802.11e standard [27] . An IEEE 802.11 DCF performance model for energy harvesting nodes is proposed [28] - [30] . Each node with the EH capability has the characteristics of recharging.
However, the existing protocols are designed only for a single-tier energy harvesting network or a single user energy harvesting and data transmission. Multi-tier networks can be formed to extend coverage or to relay information from one network to another. The importance of multi-tier IoT networks is that they are adopted to address some challenges including user-coverage in crowded areas with low latency, heterogeneous energy consumptions, diverse energy requirements, and high end-to-end performance demands [31] , [32] .
Multi-tier networks are used to extend the coverage area, and grouping mechanisms manage collision and interference for dense wireless communication networks. First-tier nodes in a two-tier network have relatively long communication range, while second-tier nodes have relatively low-power, low-cost and short-range communication coverage characteristics. Therefore, it is imperative to divide a massively dense wireless network into a multi-tier network and group nodes to enhance network performance and address the challenges faced by massive IoT nodes. The dual-hop mechanism in a two-tier network may degrade performance due to two-hop far receivers [33] . An Amplify-and-Forward (AF) mechanism is used to amplify the signals and forward them to the receiver using either the Time-Switching-based Relaying (TSR) or the Power-Splitting-based Relaying (PSR) protocol [34] . In [35] , the authors proposed a Harvest-to-Cooperate (HTC) protocol, in which the cooperating-relays and nodes harvest energy from RF signals and then the relays and the nodes cooperatively transmit data to the Base Station (BS).
In a massive IoT network, collected data by sensors need to be conveyed to a higher capability network, e.g., Wireless Local Area Networks (WLANs). However, installed-sensors with small size, peculiar design requirement, and small packet size may not be able to interconnect directly to WLANs for a multi-tier network. And the massiveness of an IoT network and the variations in the degree of energy harvesting may greatly increase the collisions among the nodes, which unfavorably degrades the performance. Therefore, massive IoT networks with the nodes having the EH capability appeal a new MAC protocol, not only to connect the IoT nodes to the conventional stations, decrease collisions among the nodes, and improve performance, but also to fulfill their energy consumption requirements with less or no hindrance. A massive network needs to group the spatially distributed nodes into different groups to achieve higher throughput and improve accessibility.
In this paper, we propose a protocol for an IoT network with the Hybrid Access Points (HAPs) to live friendly with WLAN stations. In order to give opportunities to the energy harvesting IoT nodes to connect with the WLAN stations, the protocol groups spatially distributed massive IoT nodes to reduce the inter-and intra-group collisions among the contending IoT nodes and the HAPs. The IoT nodes harvest energy from the HAPs and transmit the collected data to the HAPs. The HAPs and the IoT nodes contend for the shared channel. The HAPs not only provide energy to the nodes but also provide links to interconnect IoT devices with the converging BS. We propose an inter-coordination access control mechanism for a multi-tier network to provide seamless wireless communications and energy provisioning services to massively deployed IoT nodes.
Our key contributions are as follows. (i) We propose a new MAC protocol, harvest-transmit-and-sleep protocol, for multiple nodes to harvest energy and transmit data. The nodes harvest energy from the power signal of HAP, transmit data and prefer to sleep in the inactive mode and, (ii) We propose a new distributed MAC mechanism for two-tier WPCNs. In the proposed scheme, the nodes and the group heads coordinate in a distributed manner to access the medium to mitigate inter-group and intra-group collisions. (iii) We develop a Markov chain model for the energy states. We derive the steady state transition probability of nodes, and evaluate throughput and energy performance. (iv) We analyze the inter-group, intra-group communications and their combined impact of packet transmission on the performance. We examine the effect of energy harvesting probability and power loss incurred by different communication environments on the number of active data transmitting nodes. We investigate the effect of energy harvesting and grouping for throughput, energy efficiency and energy consumption.
A. NETWORK MODEL
As shown in Fig. 1 , we consider a two-tier WPCN. There are massive IoT nodes to sense and collect information from a surrounding environment. Each HAP groups some IoT nodes to form a group and it plays a role of a group leader of the group. The nodes are assumed to be uniformly distributed in a disc D with the radius R, where the HAP is located at its center. The HAP communicates with the BS and the nodes. The nodes in a group transmit data using the harvested energy from the HAP.
Specifically, an HAP provides power to the nodes in the group, receives data from the nodes and transmits gathered data to the BS. The nodes in a group transmit data to the HAP in the uplink and harvest energy from the HAP in the downlink. The received data from the nodes is saved in the queue of the associated HAP until it accesses the channel. The nodes in a group contend for the same medium, as the HAPs, the group heads, do. The nodes in a group are assumed to be within the coverage of the HAP and out-of-range from the nodes in the other groups.
B. HAP AND NODE
An HAP consists of an Access Point (AP) and a Power Beacon (PB). The AP receives data from the nodes and the PB transmits power to the nodes. An HAP receives data from the nodes and saves it in its queue till it succeeds in contention, then it transmits the data to the BS. A node has a single antenna to transmit/receive data and also to harvest energy. A node having more energy than a threshold becomes 'data node', while a node having less energy than a threshold becomes 'energy node'. A 'data node' transmits data in a slot of a frame. The PB, RF energy source, transmits a power signal to a node with the channel gain h n , and h n =h n √ 1+r n α , whereh n is the small scale Rayleigh fading channel, α denotes the path loss exponent, and r n represents the distance between the PB and a node n [36] . The received power P n har at the node n can be expressed as
where P TX is the transmission power of the PB. An energy node harvests energy e(t) in time t [7] e(t) = t 0 ηP n har dt ,
where η is the energy harvesting (and conversion) efficiency while the consumed energy d(t) in time t during data transmission can be represented as,
where P n con is the consumed power. The total available energy in the battery of a node can be given as
where B C is the energy storage capacity of a node. A node opts to harvest energy in the case of insufficient energy to transmit data. A harvesting node harvests energy until it meets the energy requirement. The minimum energy level is set to the pre-determined energy threshold of a battery, which helps to prevent a battery from being completely depleted.
C. ENERGY HARVESTING MODEL
A node harvests energy from the RF signal transmitted by the PB in the HAP. In the proposed scheme, a node harvests energy when its energy level becomes lower than a threshold level by monitoring the energy level before transmitting data. We model the energy harvesting event, in a time slot T slot , as a Bernoulli process, in which a node harvests a unit energy in a time slot T slot with the probability p h . We utilize the Bernoulli process as an energy harvesting model since it yields a simple yet practical model which closely emulates the essence of a practical scenario [37] - [39] . Then
where E h is the amount of harvested energy and L is the size of a frame. The average harvested energy can then be VOLUME 7, 2019 shown as
The amount of energy harvested, from (2), in a frame of size L can be expressed as
D. HARVEST-TRANSMIT-AND-SLEEP PROTOCOL Nodes use the harvest-transmit-and-sleep protocol to harvest energy, transmit data and sleep to save energy. A node utilizes the harvested energy for data transmission to the HAP and additionally prefers to sleep while it is non-active. In the protocol, a node uses a portion of active time to harvest energy and the remaining time is used to transmit data.
where
where T active is the time for a node to be active, and T harvest and T transmit are the harvesting time and the transmitting time, respectively.
II. PROPOSED GROUP COORDINATION MECHANISM
We propose a MAC protocol for a network of groups, where the group heads, HAPs, contend for the shared medium. Similarly, the energy harvesting nodes in a group also contend for the shared medium in a two-tier network (see Fig. 1 ). The nodes transmit data to the HAP to relay it to the BS and also harvests energy from the HAP. The problem of interand intra-group collision stems from this multi-tier network structure. Collisions also happen by the energy harvesting nodes and the actively contending data nodes. In this paper, we propose a new MAC protocol to cope with these problems. Fig. 2 shows the proposed MAC protocol. The proposed protocol provides a communication platform for a variety of computing devices and allows heterogeneous energy harvesting IoT nodes to coordinate. It could also be used to maintain the intercommunication compatibility with the conventional WLAN devices. Nodes could be grouped based on their distances to the group head. The shortest distance r n of a node n from a group head would be of preference to it. Nodes listen to the beacon frame B of the nearby group-head H k of group k, harvest energy from the power signals of the PB and transmit data using the harvested energy. A group head which may act as a conventional WLAN station could coordinate with group nodes through the beacon frame to maintain the group.
An alternative of grouping IoT nodes could be based on their co-location in the same building, room or office. Conventionally, the group-based MAC protocol is based on polling which reserves the time for nodes and schedules them accordingly [40] . However, the conventional mechanism could not be used for nodes with dynamically changing energy status by energy harvesting and data transmitting. Thus, we propose an access control protocol based on coordination, which allows inter-communication between energy harvesting IoT nodes and conventional nodes. It gives IoT nodes opportunities to harvest energy from the power signals of an HAP or to transmit data to it using the harvested energy. The HAP, then relays the data to the BS.
A. INTER-GROUP ACCESS
The group leaders use a modified DCF to mitigate collisions. The group heads transmit in a slot σ . The group heads wait for Distributed Inter Frame Space (DIFS) and randomly choose backoff counter values in [0, W j − 1] where W j is the backoff window at the backoff stage j. Initially, the backoff window is W 0 , which is the minimum backoff window W min . Decrementing the counter value at every idle slot until it reaches zero, a group head can transmit a Request To Send (RTS) frame. In the case of success, the group head waits for Short Inter Frame Space (SIFS) duration, receives a Clear To Send (CTS) frame and then transmits data frame after the duration with two SIFS and a B frame. In the case of collision, the size of the backoff window is doubled until the maximum backoff stage m. The backoff window at the backoff stage i,
The nodes, on the other hand, transmit packets in the slots of a frame using framed slotted ALOHA (FSA) and harvest energy from the HAPs in the frame. The nodes transmit data in randomly chosen slots of a slotted frame. Meanwhile, the nodes belonging to the busy group head prefer to sleep and save their energy. Let H 1 , H 2 and H 3 be the group leaders contending for the shared medium. For example, the group head H 1 sends an RTS frame to the BS. The BS receives the frame and transmits a CTS frame. The frames RTS and CTS carry the information for the upcoming data frames. Then, each group head waits for SIFS and broadcasts beacon signals B to the group nodes. Nowadays, beacon signals are embedded in new applications, especially in wireless communication systems [41] . It consists of information bits to wake up and inform the intra-nodes for data transmission or energy harvesting. After receiving the beacon signals, the nodes in the group decide either to harvest energy or to transmit data based on the energy threshold level.
The successful group head H 1 transmits the saved data to the BS. At the same time, the other heads H 2 and H 3 receive data from the nodes in the corresponding groups. The duration for the data transmission to the BS is utilized by the other group heads for the data transmission from the nodes, i.e., the successful group head uses it for data transmission to the BS while the other heads use it for data transmission from the nodes. After the data transmission, the BS transmits an Acknowledgment (ACK) frame to the group head. The data transmission and the energy harvesting operations stop as ACK is received by the group head. While data transmission to the BS is in progress, the other group heads can receive data from the corresponding nodes. The intra-group nodes are assumed to be out of reach of the radio transmission of other group heads and group nodes.
B. INTRA-GROUP ACCESS
The nodes in a group wait until they receive the beacon signals. A node decides whether it is energy receiving node or data transmitting node by examining the energy level of the node. The decision is taken after receiving the beacon signals. Transition between the state of harvesting energy and that of data transmission takes place during the SIFS duration between the communication frame and the beacon signal B. It could consume a small amount of energy. After the beacon frame B and the SIFS duration, the PB transmits power signals in the group. Then, energy deficient nodes harvest energy from the energy signals transmitted by the PB.
Concurrently, energy abundant nodes transmit data in a slotted frame. A transmission frame is divided into multiple slots with time T slot . Nodes randomly choose a slot and transmit data during the slot. The outcome of the transmission of a node in a slot could result in success if data is received successfully. On the contrary, the outcome may result in collision if more than one node simultaneously transmit data during a slot. A slot is considered idle if there is no data transmission. In the active time of the next frame, the nodes with sufficient energy can re-transmit the previous data frames in the case of collision and transmit new fresh data frames after the successful data transmission.
In the first transmission frame, the nodes in the group 2 and the group 3 take part in data transmission and energy harvesting from the heads H 2 and H 3 , respectively. Meanwhile the nodes in the group 1 prefer to sleep and save energy since the head H 1 is busy in data transmission to the BS. In the group 2, the nodes N 22 and N 23 successfully transmit data to H 2 , but the data frame of the node N 21 collides with that of the node N 24 . Similarly, in the group 3, the node N 32 successfully transmits data while the node N 31 collides with the node N 34 . Along with the data transmitting nodes, the nodes with insufficient energy harvest energy to fulfill their energy requirements. In the next transmission frame, the group nodes belonging to the group 2 prefer to sleep since the head H 2 is busy in data transmission to the BS. And the nodes in the group 1 and the group 3 transmit data and harvest energy from the heads H 1 and H 3 , respectively.
III. PERFORMANCE ANALYSIS
The HAPs contend for the same channel using a distributed coordination mechanism based on CSMA/CA. The nodes in a group use their own accessing scheme, FSA. First, we analyze the contention and access mechanism of the group heads, and the stationary transmission probability ζ is derived using a Markov chain model similar to that in [30] . Second, we analyze the access mechanism of the nodes in a group. Third, we analyze the overall access mechanisms of the group heads and the nodes and derive the node-HAP-BS transmission probability. Then, we analyze the stationary probability of the energy states of the nodes. Finally, we derive the network throughput and the energy efficiency by considering the access schemes of the nodes and the group heads incorporating energy harvesting and energy consumption.
A. TRANSMISSION PROBABILITY OF HAP-TO-BS
We derive the stationary probability ζ that a group head transmits in a randomly chosen slot.
where the collision probability
H is the number of heads. After rearranging,
And Eq. (11) can then be rewritten as
From Eq. (13) and Eq. (14), one can find p and ζ .
Since H group heads contend for the channel, the probability that at least one group head transmits a packet is indicated as
Similarly, the probability that the channel is idle, i.e., no group heads transmit, is expressed as
The packet transmission results in either success or collision. The success probability given that a packet is transmitted becomes
B. TRANSMISSION PROBABILITY OF NODE-TO-HAP
We derive the success, idle and collision probabilities of the nodes in a group. The nodes in a group transmit data packets in the slots of a frame. The probability of selecting a slot in a frame of size L,
and the probability that no nodes among N d data-nodes transmit in a slot of a frame can be expressed as
Note that N d is found afterwards. In addition, the probability of transmitting a packet in a slot of a frame can be expressed as
The transmission of a packet results in success or collision. It yields success when no other transmissions occur on the slot. The success probability q s of a node among N d contending data transmitting nodes in a group can be calculated as
Similarly, a collision occurs when more than one node transmit packets. Then, the collision probability q c of a node can be identified as
C. TRANSMISSION PROBABILITY OF NODE-HAP-BS
The end-to-end success, i.e., node to group head to BS, is conditioned by two successful data transmissions, (i) node to HAP and (ii) HAP to BS. We need to identify two kinds of collisions, i.e., intra-and inter-group collisions. The transmission of an HAP yields success with the probability p s or collision with the probability 1 − p s . Now, we derive the probabilities of success, idle and collision of nodes, with the effect of success and collision of an HAP. The end-to-end success probability P s , i.e., node-HAP-BS, is derived as
The probability P i represents the situation when an in-group slot is idle and the corresponding head is succeeded in contention. It is represented as
Then, we can deduce the in-group collision probability P c with the success of its corresponding head.
Now, we derive the combined effect of the HAP collision probability 1−p s with its in-group nodes. The probability that a node is successful in the contention but its head collides is derived as
Similarly, the in-group idle probability with the HAP collision is represented as
And the probability of in-group collision with the HAP collision is given as
The accumulated number of packets in the buffer of an HAP before transmission can be found as,
From Eq. (29) we can infer that, the number of packets collected from the nodes in an HAP is directly dependent on, (i) end-to-end success probability P s , (ii) in-group frame size L, and (iii) the number of contending group heads H .
D. NUMBER OF ENERGY NODES AND DATA NODES
An energy harvesting node either harvests energy or transmits data based on the available energy in its battery. The energy threshold level assists a node to decide whether it works as an energy harvesting node or a data transmitting node. Let a group head in a group G be located at the origin of a disc, D, with a radius the R, within which N nodes are uniformly distributed.
The probability density function (PDF) of nodes is represented as
The nodes receive power signal with the gainh for small scale fading with Rayleigh distribution. The cumulative density function (CDF) of the channel gainh is represented by [36] Fh
When the path loss exponent α = 2,
The PDF ofh can be obtained by taking the derivative of Fh(v) in Eq. (32) .
However, for indoor communication, α > 2, and it is very challenging to perform the analysis since it is hard to evaluate the integral in Eq. (31) . The Gaussian-Chebyshev quadrature can be used to approximate the integral [42] . After applying Gaussian-Chebyshev quadrature to Eq. (31), the approximation can be derived as
S , S is the complexity-accuracy trade-off parameter,
α , and φ s = cos( 2s−1 2S π ). Thus, the pdf of the channel gain can be approximated as
We model the energy arrival and the energy consumption to/from a node. We develop a two-state Markov chain model for the energy states of a node, i.e., data node which consumes energy and energy node which harvests energy. Let B C be the battery capacity of a node, E Thr be the energy threshold, d(T slot ) be the amount of energy consumption during a slot and e(T slot ) be the amount of energy harvesting in a slot. The amount of harvested energy in a frame L is L i=1 p h · e(T slot ). Now, we express the stored-energy of a battery in harvesting units U h , and transmitting units U d .
and
where p t is the probability that a packet is in the buffer of a node for transmission. The probability that a node harvests energy till the stored energy becomes higher than the threshold is P U h , P U h = 1 − 1/U h . Similarly, the probability that a node transmits data until its energy becomes lower than the threshold is P U d ,
Let P E,D be the transition probability from the low-energy state to the high-energy state and P D,E be the transition probability from the high-energy state to the low-energy state. Let ϕ i be the steady state probability that the state is i, i = 0, 1. The state 0 denotes that the energy state is low, i.e., energy harvesting, while the state 1 denotes that the energy state is high, i.e., data transmitting. The nodes in a group harvest energy or transmit data when the corresponding HAP is not transmitting to the BS. The transition probabilities
The balance equation from the state 0 to the state 1 can be derived as
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Since ϕ 0 + ϕ 1 = 1, the stationary probability of the state 0 ϕ 0 , i.e., harvesting energy by a node, can be computed as
and the stationary probability of the state 1 ϕ 1 , i.e., transmitting data by a node, can be derived as
. (43) Note that the embedded point of the Markov chain is the beginning of each frame in the intra-group communication, the time at which a node decides whether to harvest energy or to transmit data.
The average amount of energy harvesting e(T slot ) by a node in the region of radius R can be expressed as
where C = ηP TX T slot .
The integral I can be further simplified as
where lim b→∞ b 0 c 1 e −c 1 t dt = 1, lim b→∞ b 0 a 1 e −a 1 t dt = 1, lim b→∞ b 0 e −a 1 t −e −c 1 t t dt = ln( c 1 a 1 ) [43] , c 1 = (1 + R 2 ) and a 1 = 1. Then Eq. (44) can be written as,
Now, for harvesting energy in a frame, (7) can be expressed as
For the case where the path loss exponent α > 2, the amount of energy harvesting can be expressed as
Eq. (49) can, alternatively, be written as
From (50), E L in (7) becomes
Since a node transmits data once in a slot of a frame, the amount of energy consumption d(T slot ) of transmitting data in a frame is given as
Now, from Eqs. (42)-(52) we can calculate the number of data transmitting nodes N d in a group as
and the number of energy harvesting nodes N e in a group as
Algorithm 1 is used to find the values of N d , N e , q i , q s , q c and N , which can be used to calculate the throughput and the energy efficiency. Obtain e T slot from (47) 6: else if α > 2 then 7: Obtain e T slot from (50) 8: end if 9: Obtain d T slot from (52) 10: Update P E,D from (38), and P D,E from (39) 11: Update ϕ 0 and ϕ 1 from (42) and (41), respectively 12: Obtain N d and N e from (53) and (54), respectively 13: Obtain q i , q s , q c from (19) , (21) and (22) 14: Obtain N from (29)
E. NODES-TO-BS NETWORK THROUGHPUT
The data throughput is defined as the ratio between the amount of successful data transmission by the nodes to the BS and the average time. Let S be the throughput.
where σ is the slot duration, T s is the duration for successful transmission and T c is the duration for collision. The average number of accumulated packets by an HAP is N , and E[D] is the average packet size.
where δ is the propagation delay and T OUT is the ACK time-out duration. T H is the time interval for the packet header, and T Data is the time interval for the data transmission of the group head. T RTS , T CTS , T SIFS , T DIFS , T B and T ACK are the time for the RTS, CTS, SIFS, DIFS, B and ACK frame transmission, respectively.
F. ENERGY EFFICIENCY
The energy efficiency is defined as the amount of successful data transmission to the BS by the nodes per unit energy consumption. Let ξ e be the energy efficiency, then ξ e = Total Successful Data Transmission Total Energy Consumption .
Since the energy consumption occurs in data transmission only and it results in either success or collisions, from Eqs. (2), (6), (19) , (21) and (22), the amount of energy consumption by success in a slot T slot can be calculated as C s = T slot 0 P n con q s Ldt, = q s LP n con T slot , = q s Ld(T slot ).
(58)
And the amount of energy consumption by collision is then calculated asC
The success probability from nodes to BS is related with the success of its HAP. The end-to-end energy consumption of successful data transmission of a node can be calculated as
From Eqs. (53) and (60), the total amount of energy consumption of data transmission of nodes can be represented as
which is related with the energy consumption by collision and success, the number of contending group heads and the number of nodes in a group. From Eqs. (29) and (61), the energy efficiency can then be shown as,
It shows that the energy efficiency depends on the average number of packets N in its queue, and the total energy consumption E total . The average number of packets N in its queue is related with and affected by the numbers of contending group heads and their nodes and the end-to-end success probabilities as derived in Eq. (29) . And the total energy consumption is related with the collision and the success probabilities of nodes as given in Eqs. (60)-(61).
IV. PERFORMANCE EVALUATION
We evaluate the performance through extensive simulations and the model and the analysis are verified. We consider a two-tier energy harvesting network (see Fig.1 ). The parameters used in the evaluation are given in Table 1 [18], [29] . The radius of a disc D is set to R meters, where nodes are randomly distributed with the uniform distribution. Initially, the energy levels of nodes are randomly distributed. We assume that the data nodes have saturated traffic and they always have data to transmit, i.e., p t = 1. A node uses a single antenna either for harvesting energy or transmitting data. An HAP transmits energy to nodes and receives data from nodes. We have explicitly evaluated the impact of cell-radius (5m ∼ 20m) and path-loss on the transmission power influencing the received power at relatively distant nodes. The transmission power of HAP is 0.5W ∼ 7W and the received power at IoT nodes is 13.8mW ∼ 193.8mW , which is sufficient to operate and communicate. Typically, nodes require about 8µJ energy for information transmission, which is small enough to harvest during the harvesting time interval. Thus, the proposed work can be feasibly applied in practice considering the practically and commercially available energy harvesters and power transmitters [18] . The amount of harvested energy by nodes affects the number of active communicating nodes which then affects in-group collisions and end-to-end network performance. We have performed simulations to compare and investigate the performance of ours with those of [26] and [33] .
The paper [26] proposes a contention-based harvest-thentransmit protocol HE-MAC for wireless powered sensor networks. It is a receiver (HAP) initiated protocol to manage energy and data transmissions to mitigate transmission collisions and improve the throughput by an extended distributed coordination function. The network structure consists of an HAP which transmits power and receives data, and nodes which harvest energy and transmit information utilizing the harvested energy. For a large-scale network it might need to cope with increased transmissions collisions. In our protocol, nodes are grouped and they are coordinated to operate in a large-scale network. The work in [33] deals with throughput maximization in a dual-hop wireless powered communication network (DH-WPCN). The protocol DH-WPCN is based on time division multiple access (TDMA), where nodes harvest energy from the power signal of the HAP, transmit data, then the HAP relays it to the base station. However, the frame size may be underutilized when the number of high energy nodes is less than the available slots in a TDMA frame. Our protocol balances data traffic by grouping nodes and intra-group contentions and inter-group contentions are coordinated to perform in a highly congested large-scale network.
A. NETWORK THROUGHPUT Fig. 3(a) illustrates the throughput for varying number of nodes and shows the impact of energy harvesting probability on the throughput. The energy harvesting probability p h not only affects the throughput but also changes the number of data transmitting nodes, since it affects the probability of transmitting data. At a particular probability p h , the throughput increases till it reaches the maximum then decreases. We observe that the optimal number of nodes changes, with the change in the harvesting probability. For example, when p h = 0.1 the optimal number of nodes is around 60 (N = 60). As the harvesting probability increases, the optimal number of nodes decreases, for example, the optimal number of nodes is about 40 (N = 40) when p h is 0.3 and it reaches 30 (N = 30) when p h is 0.8. The increase in the harvested energy directly affects the number of data transmitting nodes, which not only increases the throughput but also changes the optimal number of nodes. Fig. 3(a) shows that, when p h = 0.3, the proposed scheme achieves up to 64% and 47% higher throughput compared to [26] and [33] , due to its grouping and coordination approach.
The increase in the number of data nodes increases the success rate, and hence the throughput, but with the counter effect on the performance, i.e., the upsurge in data collisions. At a point, the collision rate surpasses the success rate, and throughput starts to decrease. Thus, the energy harvesting probability p h has a significant impact on the number of data transmitting and energy harvesting nodes. Fig. 3(b) shows the throughput by varying the number of groups. Increasing the number of groups increases the throughput, since the HAP spends more time in receiving data from the in-group nodes. As the number of contending group heads increases, the opportunity of data transmitting to the BS decreases, which is usefully utilized by the HAPs in receiving data from the in-group nodes. At the optimal N , the throughput improves up to 75% and 28% in the proposed scheme when H = 5 ∼ 20, as shown in Fig. 3(b) . When H = 8, it achieves up to 70% higher result compared to [26] when H = 3 and up to 54% improvement over [33] . Note that the number of contending nodes in [26] is H ×N for fair comparison with the others. It performs well for small N , however, increasing collisions may adversely affect the throughput.
The optimal number of nodes, for a fixed frame size, does not change significantly with the increase in the number of groups, but we observe that the throughput highly improves. The reasoning behind this is that the packets are accumulated in the queue of an HAP which usefully utilizes the assigned time. The more group heads contend, the less chance to succeed in contention, which has a positive impact on the packets accumulation. Although it slightly delays the packet transmission to the BS, the HAP transmits the accumulated packets as soon as it accesses the channel. For example, in Fig. 3(b) , the maximum throughput result (S = 0.3) is achieved for a specific number of groups (H = 5) when the number of nodes is 60 (N = 60). However, increasing the number of groups to 10 (H = 10) the throughput increases eminently (S = 0.68).
The nodes harvest energy from the power signal transmitted by the HAP. They can save more energy if more power is delivered to them. Fig. 4(a) shows the throughput with the changing transmitting power of the HAPs for different number of nodes. The throughput increases with the increase of the transmitting power of the HAPs. The nodes can save more energy if HAPs transmit with more power, which can be utilized in their successive data transmission. The increase in the number of data transmitting nodes affects the throughput, if the number of nodes is less than the optimal number of nodes. The variation in the throughput stems from the success and collision emanated from the packet transmission. Fig. 4(a) shows that ours achieves 25% and 83% higher throughput over [33] and [26] .
The number of nodes N as well as the path loss exponent α have a significant impact on the network performance. The path loss factors is associated with the indoor and outdoor environment loss effect. Fig. 4(b) shows the impact of the number of nodes along with the path loss factor α on the network performance. The throughput is observed to decrease with the increase in the path loss factor α, since higher α shows much deterioration of the power signal. The amount of harvested energy decreases with increasing α, which has an impact of activating less number of data transmitting nodes. Thus, the throughput decreases with the increase of α. On the other side, increasing the number of nodes encourages more data transmitting nodes and hence data packets, resulting in throughput improvement. The increase in the power of HAPs elevates the throughput performance, since it activates more data transmitting nodes. Fig. 4(b) shows that the proposed scheme achieves 12% ∼ 40% higher throughput when N = 30 compared to the case when N = 20, and up to 29% higher throughput when α = 4 compared to the case when α = 3.
The power signal transmitted by the HAP is dependent on the channel gain, the distance and the path loss factor [44] . Since the nodes in a cell of radius R are spatially distributed with the uniform distribution, it affects the received power signal and the harvested energy directly, and the number of data transmitting nodes indirectly. The results for various cell size, the radius R, and the path loss factor α are shown in Fig. 5(a) . As the radius R of a cell increases, the throughput tends to decrease, since the increase in the cell size reduces the received power. Along with the cell size R, the path loss factor α has also shown its impact on the throughout performance. The increase in the path loss factor α causes the throughput to decrease, since the power signals experience more loss by the factor. The results show that a higher throughput is achieved at smaller α and lower R. Fig. 5(a) shows that, when α = 3 and R = 5, ours achieves 68% and 75% higher throughput over [33] and [26] . The path loss depends on the disc radius R and the path loss exponent α and it directly affects the received power signal and the link quality [44] . For example, the throughput of the proposed scheme decreases 11% when α = 3 ∼ 4, i.e., obstacles [44] , and at least 27% when R = 5 ∼ 20. The increase of R and α reduces the receiving energy at a node. Consequently, it reduces the number of active data transmitting nodes, which adversely affects the network throughput.
B. ENERGY EFFICIENCY
The energy efficiency is directly related to the amount of successful data transmission. Fig. 5(b) shows the results of energy efficiency of the nodes for different number of nodes and energy harvesting probability p h . At a specific p h , the energy efficiency tends to decrease with the increase in the number of nodes. The impact is evident in the sense that increasing the number of nodes increases the number of data transmissions, and it not only increases successes but also incurs collisions among nodes. The amount of harvesting energy by a node is related with the probability p h and the frame size L. At a fixed frame size, varying the probability p h changes the amount of harvested energy. The larger the harvesting probability, the more the amount of harvested energy becomes. The amount of harvested energy is directly related with the number of data transmitting nodes. The energy efficiency is shown to decrease with the increase of p h . The rationale behind this is that more nodes tend to consume energy in their data transmission. Fig. 6(a) illuminates the impact of the number of groups on energy consumptions for varying number of nodes. The energy consumption in data transmission increases with the increase in the number of nodes, which increases successes and collisions of nodes. The increase in the number of contending group heads, i.e., HAPs, utilizes more time in in-group data packet accumulation and increases the energy consumption in data transmission, i.e., successes and collisions. For example for 150 nodes, when H = 3, the collision energy consumption is 13.8 µJ compared to the case when H = 10, it is 54.7 µJ . The larger the number of groups, the higher the throughput becomes, as illustrated in Fig. 3(b) . It can be seen that there is a trade-off in collision energy consumption and the throughput by looking at Fig. 3(b) and Fig. 6(a) . A higher throughput can be achieved at the cost of consuming more energy in the network. Fig. 6(b) illustrates the impact of harvesting probability p h on the energy consumption in collisions, for a fixed number of groups (H = 10). The collision energy consumption increases with the increase in the number of nodes, since more contending nodes incur more collisions. The probability of harvesting p h also affects the collision energy consumptions. Since larger harvesting probability p h gives opportunity to save more energy and increases the number of data transmitting nodes, which raises collisions and energy consumption. For example, when p h = 0.8, the collision energy consumption is higher than that when p h = 0.1. The impact of this result is also evident on the energy efficiency in Fig. 5(b) . The increase in either the probability p h or the number of nodes increases the energy consumption significantly, which decreases the energy efficiency. Fig. 7 illustrates the active number of nodes with the impact of PB's power and the frame size. The actual frame size is in the range from 2msec to 6msec. Higher frame size saves more energy which activates nodes for longer period of time to transmit data. Similarly, the increase of the PB's power can gives nodes opportunity to save more energy and to remain active for longer period of time. The increase of the PB's power from P TX = 1 to P TX = 2 at L = 10 increases the number of active nodes fromN d = 13 toN d = 21. At P TX = 1, increasing the frame size from L = 10 to FIGURE 7. Active number of nodes in a group with varying PB power in changing frame size, N = 60, R = 10, p h = 0.1. L = 80, increases the number of active nodes fromN d = 13 toN d = 41. However, increasing the frame size might also increase the idle slots adversely affecting the throughput. Similarly, the increase of the active number of nodes might increase transmission collisions, affecting the network throughput. Therefore, a trade-off exists between the numbers of collision slots and idle slots. Thus, we observe that the amount of harvested energy directly affects the lifetime and the performance of a network. Energy threshold has an important role for the amount of reserved energy of a node. It prevents a node from entirely depleting its saved-energy. The reserved energy, by the threshold, can be utilized in case of power outage. Fig. 8 shows the impact of energy-threshold on the amount of reserved energy as time evolves. We can observe that on-average the initial reserved-energy of a node is around 20mJ . As time evolves and the process of harvesting energy and consuming energy continues, the amount of reserved energy converges to the amount depending on the threshold value. In the long run, the average amount of reserved-energy remains the same as the initial energy, when the threshold becomes 0.5 (E Thr = 0.5). Similarly, when E Thr = 0.3 and E Thr = 0.8, the reserved energy becomes 12 mJ and 32 mJ , respectively. i
V. CONCLUSION
RF energy harvesting provides a viable solution of continuous energy supply in an energy-constraint IoT. However, RF energy transmissions in a massive IoT network incurs more interference and collision among nodes. In this paper, we have proposed a group-based Medium Access Control (MAC) protocol to distribute the sensor nodes into groups. The group head uses a coordinating mechanism to access the medium to send collected data from sensor nodes to the BS. The sensor nodes harvest energy or transmit data to the group head in their active time, and prefer to sleep during the inactive time. The proposed protocol helps in inter-and intra-group collision mitigation, energy harvesting, and data-relaying from nodes to the BS. We have presented an analytical model of the proposed scheme and verified it through extensive simulations. Moreover, we have considered various wireless communication environments, random fading channels and distances from transmitter to receiver to see their impact on the network performance. It has shown about 20% increase in throughput when the number of nodes increases from N = 20 to N = 30, and up to 29% increase when the path loss exponent changes to α = 2 from α = 3. In comparison with the existing scheme, the proposed scheme has shown about 25% higher throughput over the dual-hop based DH-WPCN scheme, due to its grouping approach which lowers the collision rate. The throughput and energy efficiency performance show the effectiveness of the proposed protocol.
